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Abstract
A simulator consisting of a home-made training apparatus linked to a virtual reality system VRS has been developed in our lab-
oratory. The training apparatus allows working out speciﬁc muscle groups. The mechanical part of the simulator followed the
structure of a sailboard. A digital simulation consisting of high graphic quality video game was displayed on a screen located at
the left of right side of the user. It represented a sailboard on water moving faster as the force applied by the athlete increased.
In addition, an audio system and a fan were used to increase the presence. Two sets of measurements were carried out on nine
participants (three windsurfers and six non-windsurfers), without and with the VRS in operation. The participants were ﬁrst asked
to perform a pumping exercise during 2mn without the virtual reality system. The force developed by each subject was measured
and both heart rate and duration were recorded at the end of the pumping session. After a rest, the same exercise was accomplished
with the virtual reality system in operation. The results showed an increase in motivation reﬂected by a enhancement of heart rate
response and cadence of pumping for all the participants with virtual reality system operating when compared to the ﬁrst case. All
users felt more fun when using the training apparatus interfaced with the digital simulation than without.
c© 2016 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the organizing committee of ISEA 2016.
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1. Introduction
The objective of training in all sport disciplines is to reach a high level of performance and training remains a
complex repeated action, providing the athlete new skills helping to overcome tests under competition conditions.
Training for endurance athletes generally emphasizes participation in long-duration low- or moderate-intensity exer-
cise during the base or preparation phase of the season, with the inclusion of shorter-duration high-intensity eﬀorts as
the competitive phase approaches [1]. An important part of windsurﬁng is pumping which is a repeated action used
during the major part of the race, in which the athlete pulls and pushes the sail rhythmically in order to reach higher
speed especially in light and moderate wind conditions; and it’s a very high energy expenditure and aerobic activity
[2,3]. Compared with other disciplines, windsurﬁng training sessions depend on weather conditions like wind force
and direction. These non-controllable parameters harden getting a performance improvement. Thus, indoor training
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with an appropriate workout program may be an interesting alternative. The diﬀerent techniques of pumping involve
in an important amount of both upper and lower body muscles activity [4]. Kinematic and EMG studies showed that
the most important parameter limiting the endurance was the localized muscle fatigue aﬀecting mainly three groups
of muscles: ankle plantarﬂexors and dorsiﬂexors, deltoid, and wrist extensor-ﬂexor muscles [5]. Diﬀerent dedicated
muscle strengthening exercises were suggested for the most aﬀected muscles in order to improve the physical per-
formance [5] which can be deﬁned as the capacity of the muscles to provide force and maintain a physical activity
[6]; but, this may not be very eﬀective due to the fact that motor coordination plays an important role in pumping
eﬃciency. In addition, separated exercises may to be as not eﬃcient as using a dedicated machine for pumping train-
ing, especially for young windsurfers. Previous machines used for windsurﬁng are ergometers dedicated to EMG or
physiological measurement; they were devoted to physiological parameters inﬂuencing pumping [5,7-10]; but never
investigated as muscles strengthening machine for a dedicated skill development. They are based on rowing systems
or hydraulic buﬀers for wind simulation, and some of them suﬀer from a lack of realism which can be demotivating
and frustrating for the windsurfer. Using an apparatus for eﬃcient strengthening exercises for windsurfers requires
some parameters to be taken into account, as for example, making the user feel to be as in on-water conditions. In
virtual reality systems VRS, the main challenge the simulators are facing to is related to making the task as realistic
as possible for the user. The simulator should have a similar appearance, the same dynamic response to elicit a similar
posture and provide a coherent feedback [11]. When all these conditions are met, the virtual reality can be a great tool
for learning and training the user behaviour in diﬀerent controlled situations [11-15]. The evolution of data-processing
systems helped to propose virtual reality simulators. Contrary to the ergometers, the simulators allow to put the user
in immersion conditions reﬂecting more accurately the actions and performances compared to the real conditions,
increasing motivation [12,13]; the more real world parameter are implemented, the more is the presence, the feeling
to move in realistic environment [11]. For sailing disciplines, parameter of visual feedback has been investigated for
optimist class sailing simulation, as it acts on decision making as well as the importance of wind feedback and the
boat motion [15-17]. Integrating these three parameters enhances the presence by making the process of training on a
sailing apparatus more realistic, acting on the user behaviour, in addition to be more motivating and fun. At last, as the
dynamic of the response must be the most realistic as possible, the choice of the wind simulation element is important.
The measurements on a windsurﬁng ergometer showed that the wishbone acts like an elastic element under the force
applied by a windsurfer while pumping [18]. Thus, the simulator element that corresponds to wind simulation should
act like that, i.e. an elastic deformation appears under an external applied force. To the authors knowledge, no training
apparatus for strengthning exercices linked to a VRS has been proposed in literature.
In this paper, preliminary eﬀect of a windsurﬁng digital simulation on user behaviour, motivation and physical
performance was investigated. Indoor training machine linked to a virtual reality system providing a funny and
entertaining windsurf video game was developed in our laboratory. This machine, used under the supervision of a
coach especially for young windsurfer, is dedicated to strengthening exercises for the most aﬀected muscles groups
by fatigue during pumping; the apparatus acts like a game controller for the windsurﬁng video game.
2. Materials and methods
2.1. Experimental set-up
A schematic of the simulator is shown in Fig.1. The mechanical part of the simulator follows the structure of a
sailboard. A wooden board was mounted on two inner tubes, creating user imbalance for on-water board simulation.
This conﬁguration allowed free movements of the user and whole-body dynamic during pumping. A wooden mast
and a height adjustable pulling handle instead of a wishbone replaced the rig. This latter was attached to a torsion
bar which corresponded to the elastic element simulating the sail resistance to the wind. The torsion bar was placed
on a frame ﬁxed on one side and freely rotating on its other side via a ball-bearing. An angular position sensor
consisting of a high resolution absolute magnetic encoder has been placed on the elastic element free side in order
to indirectly assess the force applied on the home-made rig during the pumping. Only for entertainment purpose, a
high graphic quality video game representing a sailboard on sea was developed using Unity 5 which is a development
platform for creating 2D-3D games and C# scripts. It can be displayed on a screen, at the left or right side of the user;
depending on the screen location, the user can execute short and sharp pumps, as in port and starboard close-hauled
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Fig. 1. Schematic of the simulator.
sailing conditions; an audio system and a fan were added to enhance the presence. The sailboard is controlled by
the user: the board on the screen moves in a straight line with a speed increasing with the force applied by the user
on the rig during pumping. Both speed and drag parameters of the board can be adjusted to make the game more
or less diﬃcult. The data processing application, written in C#, computes the torque and the applied force based
on the angular position data (See eq. (1)-(3)) received from the magnetic encoder and depending on the bar torsion
constant. A server application written in C# is responsible of transmitting the collected data from the data processing
application, acting as command instructions, to the windsurﬁng video game. All the electronic system operates at
50Hz rate for low latency on one hand and both high visual and quality gaming on the other hand.
Fig. 2. Force measurement principle. Fig. 3. Torsion bar calibration test bench.
When pulling the rig, the user applies a force F at a distance D from the torsion bar rotation axis (See Fig. 2). The
resulting torque Mt causes the bar to twist with an angle α about its transversal axis. Acting like an elastic element,
the torsion bar will exert a torque equal and opposite in direction to the applied one and tends to return to its initial
position. For a twisting angle of α , the torque Mt is given by
Mt = G.I0.α = C.α (1)
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where C is the bar torsion constant deﬁned by the product of the elasticity module G and the quadratic momentum
I0. For an applied force F at a distance D from the rotation axis
Mt = F.D (2)
From equations (1) and (2) the applied force F can be deduced as
F = C.α/D (3)
The angular position α can be measured with an angular position sensor composed of a host room for a AS5045
magnetic encoder IC, and a shaft on which a small magnet was attached to, rotating on the transversal axis of the IC.
This encoder is sensitive to any variation of the magnetic ﬁeld polarity induced by the rotating magnet and allowing
a maximal operating frequency of 2.5 rotations per second and 4096 steps per revolution. The sensor’s shaft was
attached to the hole bearing on the free rotation side of the torsion bar to measure the twist angle α . An Atmega328
microcontroller was associated to the encoder to read its data and transmit them to a PC using a Bluetooth commu-
nication at a rate of 50Hz. To calculate the bar constant value C, a torsion bar calibration bench was developed (See
Fig. 3). The couple torsion bar/rig (A) was attached to a metallic frame (B) which was ﬁxed to the wall in a manner to
get the wooden mast parallel to the ﬂoor. In this position, diﬀerent masses (C) with values increasing from 5 to 90kg
by steps of 5kg were applied to the pulling handle (D) placed at 0.7m height from the rotation axis inducing diﬀerent
values of the torsion bar twist angle. The data were measured using a 0.1-resolution AccuStar tilt sensor (E). The
constant C was deduced from equations (1) and (2).
2.2. Subjects group
Experimental measurements on the simulator were carried out on two groups of participants for preliminary test
and validation purpose; The ﬁrst group consisted of three competitor windsurfers (S1,S2,S3) (mean (SD) age: 14 (1)
years, height: 1.70 (0.1m), mass 60 (11kg), experience 2 (1) years). The second group consisted of six non-windsurfer
undergraduate students (mean (SD) age: 23 (4) years, height: 1.70 (0.1m), mass 60 (11kg)). Two of them (S4,S5)
practice martial art, two others practice rowing (S6) and handball (S7), and the two last practice moderate physical
activity (S8,S9). To study the inﬂuence of the virtual environment on the participant performance on the proposed
strengthening machine, a two-phase set of measurement was proposed; the ﬁrst phase without virtual reality WVR
and the second phase with virtual reality enabled VRE. Then, the two phases results were compared. At the beginning
of the ﬁrst phase, after a warm-up period, the heat rate of each participant was recorded before and after he achieved
a set of 2mn-pumping session followed by a recovery period until the heart rate slows down to its resting value. In
the second phase, after a heart rate recording at rest, the participants were asked to pump in front of the virtual reality
display during 2mn and try to achieve the largest distance as possible in the game within the time limits. During the
two sessions, the force applied during each pumping cycle, the cadence which corresponds to the pumping frequency,
and the heart rate have been recorded for each participant. At the end, all the participants were asked to rate the training
apparatus about fun and motivation WVR and VRE on a 10-point grading scale (1 = very poor; 10 = excellent) on
one hand, and specify the most aﬀected muscles groups by fatigue, on the other hand.
3. Results and discussion
From the calibration procedure the C torsion constant was deduced from a linear ﬁt of the experimental data. The
experimental value of C was found to be equal to 1298.4 Nm.rd−1. The obtained correlation coeﬃcient of the linear
ﬁt was 0.9992. The kinogram presented in Fig. 4 shows an example of a pumping cycle at eight diﬀerent instants.
The participant used his whole body to apply a more important force on the pulling handle reaching a force value
around 1000N (See Fig. 5). The cyclic movement of pumping induces a cyclic evolution of the force versus time as
represented on the graph of Fig. 5. The force behaviour shows the same pumping dynamics response as that measured
on a speedsail ergometer [18], as the mean duration for a pumping cycle was around 1s. However, diﬀerences in force
amplitude can be noticed when compared to those of [18]. The windsurfers participants assessed the required eﬀort
for pulling the handle as the same when sailing in a force 4-wind on Beaufort wind force scale. All to the participants
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felt a noticeable work and fatigue in wrist muscles group, less fatigue in the mid-deltoid and negligible fatigue in the
ankles muscles groups. These results are not consistent with those found by So et al. [5], probably due to the training
apparatus conﬁguration which seems to principally allow the workout of the wrist and mid-deltoid muscles groups.
Fig. 4. Example of a pumping cycle kinogram.
Fig. 5. Force by applied subject S7 vs time. Fig. 6. Average applied force without and with virtual reality.
Fig. 7. Heart Rate measurement without and with virtual reality. Fig. 8. Pumping frequency without and with virtual reality.
Fig. 6 to 8 illustrate respectively the evolution of the average applied force, heart rate and pumping frequency
without and with VR. The eﬀect of the virtual environment on user behaviour is noticeable as the three parameters
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increased for almost all subjects. In VRE session, the developed average force increased by approximately 1 to
20% for 8 subjects but decreased by 8% for the subject S9. The heart rate and the pumping frequency increased for
all participants by an average values of 10 to 20% approximately respectively while important increase in pumping
frequency for non-windsurfer participants can be noticed. The VR game achievements during this training session
reﬂected the actual ranking of the windsurfer participants during on-water racing as the force and the heart rate were
correlated to the ranking of the three subjects. The correlation between heart rate and windsurﬁng performances has
been established yet by Vogiatzis et al. [2] and Castagna et al. [4]. All participants enjoyed the training with VRE as
this training apparatus has been rated 8 on the 10-point grading scale and 6 for the WVR session.
4. Conclusion
In this work, a simulator dedicated to strengthening exercises for improving pumping level performance was de-
veloped. This apparatus linked to a VR windsurﬁng game improved the user performances and acted like a motivation
enhancer which has never been investigated in windsurﬁng. The force, heart rate and cadence assessed during training
sessions using the presented apparatus may be used to evaluate young windsurfers for force performance assessment.
The most aﬀected muscles by fatigue seem to be the wrist extensor/ﬂexor muscles group probably due to the apparatus
conﬁguration. The presented simulator can be useful for endurance and physiological performance enhancement.
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